Lithium-ion secondary battery scrap, which contains LiCoO 2 , graphite and PVDF (poly vinyliden fluorine), was subjected to dry grinding using a planetary mill with and without quartz powder as a grinding aid, following its room temperature leaching using 1N HCl solution. The scrap material becomes amorphous state as grinding time and the quartz additive ratio increase. Accordingly, Co and Li in the scrap can be easily extracted from the ground product, and the former yield reaches about 90 mass% at 4-hour grinding with 50 wt% additive. Only about 2 mass% of F in PVDF in the scrap can be extracted under the same grinding condition.
Introduction
Lithium-ion secondary battery is known to have high power and rechargeable feature which enables us to use as energy sources for electric products such as personal computers and generators for vehicles. The battery consists of positive and negative electrodes with insulator. The positive substance is normally composed of LiCoO 2 powder with poly vinyliden fluorine (PVDF) as an adhesive reagent, and the negative one is composed of graphite 1) .
In 1993, about 7 million unit / yr of the lithium-ion secondary battery have been manufactured (in Japan), and its amount will increase in the future. Accordingly, the enormous amount of the battery has run to waste. This induces another environmental problem, so that, proper technique for processing it with recovering valuable metals such as Co and Li from the scrap is needed 2) . At this moment, there has been a process for recovering Co and Li from the scrap by its leaching at high temperature
. However, it generates toxic gas such as HF although the high Co yield is attained. The authors have developed another process, which is a grinding aided leaching of the waste battery containing LiNi 1-x Co x O 2 with PVDF 6) .
The main purpose of this paper is to provide information on grinding the scrap of lithium-ion secondary battery, following its room temperature leaching to extract Co and Li. This paper has included the data on F -extracted in the leaching.
Experiments 2 • 1 Sample
The sample used in this study was the scrap of lithiumion secondary battery, supplied from Dowa Mining Co. Ltd., Japan. This sample consists of LiCoO 2 , graphite and PVDF. The chemical composition of the scrap is shown in Table 1 .
• Grinding
Grinding of the scrap sample was conducted with and without quartz powder as a grinding aid by a planetary ball mill (Fritsch, Pulverisette-7) at rotational speed of approximately 700 rpm under dry atmospheric condition. 4 g of the sample (the mixture of scrap and quartz powder) was put in a zirconia pot of 50 cm 3 inner volume with 7 zirconia balls of 15 mm diameter. Weight percentage of quartz powder in the scrap sample was ranged from 0 to 50 wt%. The grinding time was varied from 0 to 240 min. The grinding was stopped every 15 minutes for 10 minutes to avoid excess temperature increase.
• 3 Leaching
0.5 g of the ground / unground scrap samples were dispersed in 50 ml of 1N HCl solution in a vial (100 ml), and the slurry was stirred mechanically at 300 rpm by a magnetic stirrer to extract the valuable metals. During the leaching, small amount of the slurry was taken out for characterization, and it was filtered to separate solid from liquid phases by using a filter paper (#5C).
• 4 Characterization
The unground / ground scrap samples were characterized by X-ray diffraction (XRD, RAD-B system, Rigaku, Japan) using Cu-Ka radiation with a pyrolytic graphite monochrometer to identify phases formed in the sample during grinding. The crystallite size was determined by the Scherrer's equation given by Eq. (1), based on the diffraction plane (104) in the XRD pattern . Where, t, B, q B and l denote crystallite size, broadening of diffraction line measured at half of its maximum intensity, diffraction angle and wave length of X-ray (Cu-Ka : 1.54 °A ).
Chemical analysis of Co and Li in the filtrate after the leaching was carried out by inductively coupled plasma-atomic min. However, further grinding does not reduce the size at all. Similar trend can be seen in the relation between the crystallite size and the grinding time for the case of the grinding with the grinding aid, however, the crystallite sizes are mostly lower than that in the case of the absent of the grinding aid. In addition, it seems that the crystallite size tends to decrease with an increase in the additive ratio, although the correlation between the additive ratio of the grinding aid and the crystallite size is still indistinct. Fig.2 shows concentration / yield of Co and Li extracted from the samples unground and ground without the grinding aid (quartz) as a function of leaching time, depending on the grinding time. The concentration / yield increases rapidly within 60 min, subsequently it levels off, and keeps almost constant at certain values over 120 min in leaching time. This implies that 120 min in the leaching time is enough to extract Co and Li from the unground / ground samples. Hereinafter, the leaching time for the unground and ground scrap was fixed at 120 min. Fig.3 shows the yields of Co and Li extracted from the samples by 1N HCl solution as a function of grinding time. The Co-yield increases from about 35 mass% to about 90 mass% within 240 min in grinding time when the grinding aid is added by 50 wt%. The yield is improved as the additive ratio increases. On the other hand, the yield of Li reaches about 70 mass% for the unground sample and increases further as the grinding progresses. For the sample ground with the grinding aid, the Li-yield is measured at high values, depending on the additive ratio. However, there is not significant difference in the data with and without grinding aid and its ratio. Fig.4 shows the Co-yield extracted from the samples ground for different periods of time as a function of additive ratio of grinding aid. The yield tends to increase with an increase in additive ratio as well as grinding time, and reach about 90 mass% at 240 min in grinding time. In the present work, only about 1.9 mass% of F -in the PVDF existed in the scrap sample was extracted in the leaching of the sample ground for 240 min with 50 wt% additive ratio. This implies that the PVDF in the scrap sample is seldom dissociated at all under the present grinding condition. According to the previous work done by the authors 6) , almost 100 mass% in the Co-yield can be achieved in the leaching of the scrap sample with
• 2 Leaching
It is somewhat difficult to compare the present data with the previous ones because of the different samples, grinding aids and its ratio. In the present work, about 90 mass% in the Co-yield can be attained, and it seems to be comparable to the previous datum, despite quartz powder is used as a grinding aid and its ratio is lower than 80 mass%. This means that addition of quartz powder to the scrap up to 50 wt% enables us to disorder the structure of the LiCoO 2 in the scrap selectively, without rupturing the bond of PVDF. In addition, the grinding aid plays a significant role to improve the Co-yield in the leaching of the scrap. Fig.5 shows the relationship between the crystallite size of LiCoO 2 in the sample shown in Fig.1 and the Co yield. The Co yield is inversely proportional to the crystallite size regardless of the additive ratio, and the relation seems to be expressed by a quadratic equation. Therefore, the crystallite size of LiCoO 2 calculated by the Scherrer's equation may be a monitor for estimating the Co-yield in the grinding aided leaching of the scrap sample, irrespective of the additive ratio and grinding time.
Conclusion
Room temperature leaching of the lithium-ion secondary battery scrap, which contains LiCoO 2 as a positive substance was conducted using 1N HCl solution after its dry grinding. Quartz powder was added to the scrap sample at different amounts as a grinding aid. The experimental result is summarized as follows.
1) The crystallite size of LiCoO 2 in the scrap tends to decrease with an increase in grinding time as well as the additive ratio of the grinding aid.
2) About 90 mass% of cobalt and lithium can be extracted from the scrap ground for 240 min under the presence of 50 wt% additive ratio by its room temperature leaching. The quartz powder plays a significant role to disorder the structure of LiCoO 2 in the scrap, leading to the improvement of Co yield.
3) Co-yield is inversely proportional to the crystallite size of LiCoO 2 . The crystallite size would be an indicator for estimating the yield extracted from the scrap irrespective of grinding time and additive ratio. 4) PVDF in the scrap does not dissociate at all under the present grinding and leaching conditions. ( ' # )
